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Increased concentrations of circulating chromatin, especially oligo-nucleosomes, are observed in sepsis, cancer and some inflammatory autoimmune diseases like systemic lupus erythematosus (SLE). In SLE, circulating nucleosomes mainly result from increased apoptosis and decreased clearance of apoptotic cells. Once released, nucleosomes behave both as an autoantigen and as a damage-associated molecular pattern (DAMP) by activating several immune cells, especially pro-inflammatory cells. Deoxyribonuclease 1 (DNase1) is a major serum nuclease whose activity is decreased in mouse and human lupus. Likewise, the mitochondrial chaperone tumor necrosis factor (TNF) receptor-associated protein-1 (Trap1) protects against oxidative stress, which is increased in SLE. Here, using wild type, DNase1-deficient and DNase1/Trap1-deficient mice, we demonstrate that DNase1 is a major serum nuclease involved in chromatin degradation, especially when the plasminogen system is activated. In vitro degradation assays show that chromatin digestion is strongly impaired in serum from DNase1/Trap1-deficient mice as compared to wild type mice. In vivo, after injection of purified chromatin, clearance of circulating chromatin is delayed in DNase1/Trap1-deficient mice in comparison to wild type mice. Since defective chromatin clearance may lead to chromatin deposition in tissues and subsequent immune cell activation, spleen cells were stimulated in vitro with chromatin. Splenocytes were activated by chromatin, as shown by interleukin (IL)-12 secretion and CD69 up-regulation. Moreover, cell activation was exacerbated when Trap1 is deficient. Importantly, we also show that cytokines involved in lupus pathogenesis down-regulate Trap1 expression in splenocytes. Therefore, combined low activities of both DNase1 and Trap1 lead to an impaired degradation of chromatin in vitro, delayed chromatin clearance in vivo and enhanced activation of immune cells. This situation may be encountered especially, but not exclusively, in SLE by the negative action of cytokines on Trap1 expression.
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INTRODUCTION

Increased concentrations of circulating chromatin are observed in some inflammatory autoimmune diseases, such as systemic lupus erythematosus (SLE) and rheumatoid arthritis, as well as in sepsis and cancers. SLE is a rheumatic disease of unknown etiology affecting mainly women and leading to skin, kidney, joint, nervous system and cardiovascular manifestations. SLE is characterized by the production of autoantibodies directed mostly against nuclear autoantigens. In SLE, impaired clearance of chromatin leads to accumulation of plasma mono- and oligo-nucleosomes (1–3). The nucleosome is a complex composed of 180 base pairs of DNA, one molecule of histone H1 and two molecules of histones H2A, H2B, H3, and H4. These nucleosomes participate to lupus pathogenesis at two levels. On the one hand, they represent a major lupus autoantigen. IgG3 anti-nucleosome autoantibodies are associated with active disease (4) and nucleosome-specific T-cells are present in patients (5). On the other hand, extracellular nucleosomes behave as a damage-associated molecular pattern (DAMP) and are pro-inflammatory. They induce activation of dendritic cells (6) and polymorphonuclear neutrophils (PMN) (7), leading to secretion of the key lupus cytokine interferon (IFN)-α (8) as well as pro-inflammatory cytokines (9) and the release of soluble CEACAM8 (10). This was observed in mice and humans, both in healthy individuals and lupus patients, indicating that those cells have the capacity to respond to nucleosomes but that the key pathogenic event is an elevated nucleosome concentration in patients only. The release of chromatin is believed to trigger the production of the anti-chromatin autoantibody family in SLE, namely anti-double-stranded DNA (a lupus marker), anti-histones and nucleosome-restricted autoantibodies. Nucleosomes were also shown to bind laminin β1, which is aberrantly expressed in the glomerular basement membrane during lupus nephritis (11).

Deoxyribonuclease 1 (DNase1) is a major nuclease in body fluids and is thought to play an important role in degrading chromatin, and especially in removing DNA from nuclear autoantigens, at sites of high cell turnover, i.e., cell death (12, 13). DNase1 is known to degrade isolated double-stranded DNA in a Ca2+ and Mg2+ dependent manner but its activity on circulating chromatin-organized DNA (where DNA is protected by histones) is less clear. For example, DNase1 is also involved in internucleosomal cleavage of chromatin in vitro but to which extent DNase1 participates in nucleosomal DNA degradation in body fluids and in cooperation with which cofactors requires further investigations. However, DNase1 activity is decreased in SLE patients and inversely correlates with disease activity, e.g., lupus nephritis (14) or levels of anti-nucleosome autoantibodies (15). Moreover, DNase1 mutations were detected in SLE and were associated with high serum titres of anti-DNA autoantibodies (16, 17). In addition, DNase1 inhibitors are involved in its low activity in patients. A low serum concentration of DNase1 correlated with high concentrations of the DNase inhibitor actin in a mouse model of SLE (18). Furthermore, raised serum levels of the DNase1 inhibitor were associated with the presence of anti-nuclear autoantibodies in humans (19). Additionally, DNase inhibitory antibodies were detected in sera of lupus patients that could cause decreased DNase1 activities (20). The link between DNase1 and SLE development is further supported by studies in mice. DNase1-deficient mice on a lupus-prone genetic background develop a SLE-like disease with production of anti-nuclear antibodies, immune complex deposition in kidneys leading to glomerulonephritis (21).

The former DNase1-knockout (KO) mice originally described by Napirei et al. carry an additional mutation in the gene coding for tumor necrosis factor (TNF) receptor-associated protein-1 (Trap1)/heat shock protein 75 (Hsp75) which is located at the opposite DNA strand to the DNase1 gene. These mice possess a combined DNase1−/−/Trap1m/m genotype and are deficient for both DNase1 and Trap1 (22). Nevertheless, development of a lupus-like disease has been recently confirmed in a different strain of DNase1-deficient mice with an intact Trap1 gene (23).

TRAP1, a member of the HSP90 family, is a mitochondrial chaperone that regulates stress responses (24). As Trap1 is not secreted and has no DNase activity, DNase1−/−/Trap1m/m mice can be used for studying serum DNase1 function. Interestingly, Trap1 protects against oxidative stress, which is increased in SLE. Actually, Trap1deficiency leads to enhanced oxidative stress in mice (25). Likewise, Trap1 acts as an anti-apoptotic/survival protein, whereas increased apoptosis has been reported in SLE. Thus, Trap1 activity or expression might be transiently altered in SLE, maybe only in some organs. Actually, Trap1 gene is silenced in end-stage lupus disease, at least in the kidneys (26). In addition, although the consequences on Trap1 biological activity are unknown, Trap1 gene polymorphisms associated with susceptibility to SLE and efficacy of glucocorticoids have been reported, especially in immune cells (27).

Altogether, those data indicate that impaired clearance of chromatin is pathogenic due to loss of tolerance and suggest that low DNase1 activity is involved in lupus pathogenesis by favoring anti-chromatin autoantibody production. Nevertheless, DNase1 is not the only nuclease of the blood stream and not the only one potentially altered in SLE. For example, loss of function of DNase1-like 3 causes aggressive SLE (28). This enzyme digests chromatin in microparticles released from apoptotic cells and DNase1-like 3-deficient mice also develop a SLE-like disease (29). To better understand the protective role of DNase1 against SLE and its contribution to degradation of circulating chromatin, we first analyzed the degradation of chromatin in vitro in serum from wild type and DNase1-deficient mice (using DNase1−/−/Trap1m/m mice). We next analyzed the in vivo clearance of chromatin in those mice. Because part of circulating chromatin deposits in the spleen in mice (30), we investigated the consequences of chromatin on immune cell activation in this organ of wild type, DNase1−/−/Trap1m/m and DNase1-deficient (DNase1lacZ/lacZ) reporter mice without Trap1 impairment. Finally, we measured ex vivo Trap1 expression by splenocytes from the three mouse strains and we determined the in vitro effects of cytokines on Trap1 expression by splenocytes.



METHODS


Mice

Generation of DNase1−/−/Trap1m/m mice has been previously described (21). Primarily published as DNase1-KO, this mouse strain harbors an aberrant Trap1 mutation (Trap1m/m), which leads to a lack of Trap1m protein within the detection limit of a Western Blot (22). Mice used in this study were on a pure C57BL/6 genetic background and do not develop a lupus-like disease. DNase1lacZ/lacZ KO/reporter mice on a C57BL/6 genetic background [DNase1tm1(KOMP)Vlcg, Mouse Genome Informatics (MGI): 3813105] were obtained from the Canadian Mouse Mutant Repository (CMMR, Hospital for Sick Children, Toronto, Canada). Mice carrying the C1qa-KO were generated by Marina Botto (31). They have been backcrossed on a C57BL/6 genetic background for ten generations and then crossed with DNase1−/−/Trap1m/m mice to generate DNase1−/−/Trap1m/m/C1qa−/− mice. Wild type C57BL/6 mice (Charles River Laboratories, Sulzfeld, Germany) were used as controls. Toll-like receptor (TLR) 2/TLR4-deficient mice (TLR2-KO mice (32) on a C3H/HeJ genetic background) were obtained from Hermann Wagner (Munich, Germany). All mouse strains compared in this study were housed in the same animal facility. Mouse experiments had been approved by the local ethics committee (Regierungspräsidium Tübingen, reference IM4/07 and the Darwin Committee of the University Sorbonne Paris Nord).



Chromatin Purification

Oligo- and mono-nucleosomes were purified from calf thymus under sterile conditions as previously described (6, 7, 33). Briefly, nuclei were isolated, then digested with micrococcal nuclease (Sigma-Aldrich) and lysed. After centrifugation, supernatants containing chromatin fragments of different sizes were collected and further purified by ultracentrifugation on 5–29% sucrose gradients. As a control, an empty sucrose gradient was loaded with lysis buffer only. After centrifugation, several fractions were collected for both the chromatin-loaded and the buffer-loaded gradients. The latter was used as a negative control in cell culture (nucleosome purification buffer). All chromatin fractions were analyzed by agarose gel electrophoresis (1.5%) and SDS-PAGE (18%). Fractions containing either oligo-nucleosomes or mono-nucleosomes were harvested. To prepare nucleosomes depleted of histone H1, chromatin was incubated in 0.5 M NaCl, 10 mM Tris pH 7.4, 0.2 mM EDTA (final concentration) for 20 min at 4°C prior to ultracentrifugation on sucrose gradient containing 0.5 M NaCl. Representative preparations used in the present study are shown in Supplementary Figure 1. Of note, free self DNA is not strongly immunogenic and core histones are 100 % conserved between mouse and calf. Without indication, chromatin refers to H1-containing nucleosomes.



In vitro Chromatin Degradation Assays

H1-depleted oligo-nucleosomes (37.5–150 μg/ml) were incubated at 37°C for different time points with/without 250 units/ml heparin in serum (5%) diluted in reaction buffer (10 mM Hepes, 50 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, 40 mM β-glycerophosphate, final concentrations). The reaction was stopped with 60 mM EDTA (final concentration). Samples were then analyzed by agarose gel (1.5%) electrophoresis.



In vivo Chromatin Clearance

Oligo-nucleosomes (50 μg) were diluted in DPBS (100 μl final volume) and were intravenously injected in different mouse strains via the tail vein. Mice were bled by retro-orbital puncture at 2 min post injection (injection control and “100%” start value) and at varying time points up to 4 h. Plasma was prepared using BD Microtainer® tubes. The chromatin fractions were isolated out of 40 μl plasma using the NucleoSpin® PlasmaXS Kit (Macherey-Nagel) which allows the extraction of very small DNA fragments. The isolated DNA was analyzed on 1.5% agarose gels and visualized by ethidium bromide staining. Pictures were taken at different exposure times to evaluate low as well as high signals. The samples were quantitated by measuring the mean intensities and pixels of each signal. The degradation state of chromatin after different time points was displayed as percentage of the starting value of each individual mouse. Results are presented as mean ± standard error of the mean (SEM) of all mice.



Cell Culture

Spleen leukocytes were prepared using a 70 μm cell strainer and red blood cells were lysed in cold hypotonic buffer (NH4Cl, KHCO3, EDTA). Cells (1.5 × 106/ml) were cultured in X-VIVO 15 medium (Lonza) without serum in medium only or supplemented with mono-nucleosomes (10–50 μg/ml), its purification buffer (gradient), lipopolysaccharides (LPS, from S. typhimurium, 1 μg/ml, with heat-inactivated fetal calf serum, Sigma-Aldrich) or synthetic unmethylated CpG motif-containing oligonucleotides (CpG-ODN, 2 μM, InvivoGen). Cell culture supernatants were collected at 24 h and cells were harvested after 65 h to estimate cell activation by ELISA and flow cytometry. Alternatively, spleen cells (2 × 106/ml) were cultured for 20 h in medium alone or supplemented with IFN-γ (400 ng/ml) or interleukin (IL)-6 (100 ng/ml) and Trap1 expression was analyzed by Western-blot.



Flow Cytometry

Spleen cells were either analyzed ex vivo or after 65 h in culture to determine the phenotype or estimate cell activation, respectively. Cells were stained with monoclonal antibodies specific for CD3 (FITC- or PerCP-Cy5.5-conjugated, clone 17A2) or CD4 (Alexa Fluor 488-conjugated, clone RM4-5), CD8a (BV510-conjugated, clone 53-6.7), CD45R/B220 (PE-conjugated, clone RA3-6B2), CD19 (APC-conjugated, clone 1D3), CD11c (PE-conjugated, clone HL3), CD86 (PE-conjugated, clone GL1), CD69 (PE-Cy7-conjugated or biotin-conjugated, clone H1.2F3, followed by PE- or APC-conjugated streptavidin) or the corresponding isotype control, at 4°C in staining buffer [PBS containing 5% heat-inactivated FCS, 100 μg/ml human γ-globulin (Calbiochem), 0.02% sodium azide] and according to classical protocols. All antibodies were purchased from BD Biosciences (except anti-CD8, BioLegend). Cell viability was estimated by propidium iodide (PI) staining. Spleen cell activation was estimated by CD69 expression on total living cells gated according to size and granularity and exclusion of dead (PI-positive) cells. Cells were analyzed on a four-color FACSCalibur or an eight-color FACSCanto II apparatus (Becton Dickinson). Data were evaluated with CellQuest Pro, FACS Diva or FlowJo software (BD Biosciences). Results are presented as mean fluorescence intensity (MFI) or percentages of cells positive for the indicated markers among all living cells. Data are depicted as mean ± standard deviation (SD) of triplicates in representative experiments or as mean ± SEM in pooled data.



ELISA

Cytokine secretion by splenocytes was measured in culture supernatants after 24 h. IL-12p40/p70 was quantified by sandwich ELISA using monoclonal antibody pair and streptavidin-peroxidase conjugate (BD Biosciences) according to the manufacturer's instructions. Concentrations in cell culture supernatants are depicted as mean ± SD of triplicates in representative experiments or as mean ± SEM in pooled data.



Protein Extracts and Western Blot

Spleen cells (ex vivo or after cell culture) were lysed in RIPA buffer on ice. After sonication, cell debris was sedimented at 10,000 g for 10 min and the protein content of the supernatant was estimated by the Bradford protein assay. Equal amounts of total proteins from cell extracts (25 or 50 μg, denatured at 95°C for 5 min) or recombinant Trap1 (400 ng, Sigma-Aldrich) were separated by SDS-PAGE, either on 4% (v/v) concentrating and 10% (v/v) resolving gels, or on 4–15% stain free gradient gels (Miniprotean® TGX stain free protein gels, Bio-Rad). Electrophoresis was carried out at 80–120 V using standard Tris-glycine SDS running buffer and then semidry blotting (PerfectBlue™, PeqLab) using a nitrocellulose membrane (Macherey-Nagel) and Towbin buffer was performed. Alternatively, samples were electrotransferred onto PVDF membrane (Trans-Blot Turbo Mini, 0.2 μm PVDF Transfer Packs, Bio-Rad) with Trans-Blot Turbo system (Bio-Rad). Blots were incubated in standard TBS-Tween buffer [0.05% (v/v) Tween 20] supplemented with 5% (w/v) skimmed milk powder for 2 h at room temperature (RT) prior to addition of the primary antibodies (mouse anti-β-actin, 1:5.000, #A1978, Sigma-Aldrich or 1:250, #sc-47778, Santa Cruz; mouse anti-human/mouse TRAP1, 1:1,500, #612344 and mouse anti-human/mouse Hsp60, 1:1,500, #611562, BD Transduction Laboratories™). Incubation with the primary antibodies was performed over night at 4°C. Afterwards, the blots were repeatedly washed with TBS-Tween buffer, incubated with the secondary antibody (anti-mouse IgG conjugated to HRP, 1:3,000, #315-035-008 or #115-035-062, 1:4,000, Jackson ImmunoResearch) for 1 h at RT and washed again. Chemiluminescence detection was performed with appropriate reagents from Bio-Rad Laboratories and the blots were analyzed using the ChemiDoc™ System with the ImageLab 5.0 software (Bio-Rad Laboratories). For quantification, densitometric analysis was performed on saved pictures using ImageLab software and the Trap1 signal was normalized to the corresponding β-actin signal in each individual sample.



Statistical Analysis

In all figures, the legend indicates whether representative experiments and/or pooled data are shown, the number of independent experiments, the number of mice used and the number of independent chromatin preparations. In vivo nucleosome clearance in wild type and DNase1−/−/Trap1m/m mice was compared using two-tailed unpaired t-test without Welch's correction after having checked that both groups follow a Gaussian distribution and have similar variances. Concentrations of IL-12 in culture supernatants from wild type and DNase1−/−/Trap1m/m splenocytes were compared using two-tailed Wilcoxon matched-pairs signed rank test. CD69 expression (MFI and percentages of positive cells) by cultured wild type and DNase1−/−/Trap1m/m splenocytes were compared using two-tailed paired t-test or two-tailed Wilcoxon matched-pairs signed rank test. CD69 MFI on DNase1−/−/Trap1m/m splenocytes vs. wild type or DNase1lacZ/lacZ splenocytes was compared using two-tailed Mann Whitney test or two-tailed unpaired t-test with Welch's correction. Ex vivo Trap1/β-actin expression ratios by wild type and DNase1lacZ/lacZ splenocytes were compared using two-tailed Mann Whitney test. Trap1/β-actin expression ratios by splenocytes cultured with/without IFN-γ or IL-6 were compared using two-tailed Wilcoxon matched-pairs signed rank test. Data were analyzed using GraphPad Prism software (p ≤ 0.05 was considered significant).




RESULTS


In vitro Chromatin Degradation Is Dramatically Impaired in Serum From DNase1-Deficient Mice

Chromatin degradation was analyzed in physiological conditions, using serum to mimic circulating chromatin, instead of purified DNase1, as other serum proteins may influence degradation. Chromatin degradation assays were performed and compared in the presence or absence of heparin. Indeed, chromatin degradation by serum DNase1 is enhanced by heparin (34) as well as by the plasminogen system (35), which both remove DNA-associated proteins and thus renders DNA accessible for DNase1. In the latter study, heparin has been shown to enhance DNA degradation by serum in hydrogen peroxide-treated necrotic cells, but was not tested on purified oligo-nucleosomes. Actually, heparin also supports the activity of the plasminogen system (36), the activity of which is reduced in SLE, resulting in impaired fibrinolysis and potentially leading to thrombosis, a frequent lupus manifestation (37). Moreover, it is a DNase1-like 3 inhibitor (34). Thus, the use of heparin allows focusing on DNase1 in whole serum. Heparin is also naturally produced by mast cells and released in the circulation at sites of tissue injury. In our assays, oligo-nucleosomes are slightly degraded in wild type serum, indicating the presence of active nucleases (Figure 1A left, without heparin). Nevertheless, chromatin is rather resistant to complete degradation. By comparing wild type serum supplemented or not with heparin, we could show that heparin enhances chromatin degradation (Figure 1A), as evidenced by a faster kinetics and the degradation pattern. With heparin, oligo-nucleosomes are completely degraded at 4 h. Moreover, instead of individual bands, a DNA smear is visible as a result of random cleavage. DNA is degraded to fragments smaller than 146 bp, the size of core nucleosomal DNA. Without heparin, internucleosomal cleavage occurs, yielding accumulation of mono-nucleosomes. These results suggest that the cooperation between DNase1 and proteases naturally present in the serum is involved in the efficient degradation of chromatin. DNase1-like 3 however also participates to the process. Using these settings (evaluating DNase1 activity in the presence of heparin), we next compared chromatin degradation by serum from wild type C57BL/6 mice or DNase1-deficient mice. Because Trap1 has no nuclease activity and is located in mitochondria but is not secreted, we used here DNase1−/−/Trap1m/m mice. As compared with serum from wild type mice, chromatin degradation is strongly impaired in serum from DNase1−/−/Trap1m/m mice (Figure 1B). Both the kinetics and the degradation pattern are affected. Indeed, after 15 h, chromatin is completely degraded in wild type serum whereas it is still clearly detectable in serum of DNase1−/−/Trap1m/m mice. Likewise, after 1 h, chromatin was massively degraded by wild type serum, whereas degradation was hardly visible in DNase1-deficient serum. Moreover, internucleosomal cleavage (although low) is mainly observed in DNase1-deficient serum, with degradation of oligo-nucleosomes and a slight accumulation of mono-nucleosomes, whereas it switches to random degradation in wild type serum, generating fragments smaller than core particle DNA and finally resulting even in total degradation. These results show that DNase1 is the major serum nuclease degrading chromatin. Because C1q was reported to enhance chromatin degradation in human necrotic lymphocytes (38), we compared then chromatin degradation in sera from wild type, DNase1−/−/Trap1m/m, C1qa−/− (which possess a normal DNase1 activity) and DNase1−/−/Trap1m/m/C1qa−/− mice. As shown in Figure 1C, chromatin degradation was not altered in C1q-deficient serum as compared to wild type serum, indicating that C1q is not required for optimal degradation of isolated chromatin. Nearly no degradation was observed in sera from both DNase1−/−/Trap1m/m and DNase1−/−/Trap1m/m/C1qa−/− mice, yielding a similar pattern. Chromatin degradation in serum occurs thus in a DNase1-dependent but C1q-independent manner.


[image: Figure 1]
FIGURE 1. DNase 1 is the major serum nuclease degrading chromatin. (A) Heparin enhances chromatin degradation in serum. Normal serum of a wild type C57BL/6 mouse was incubated in the presence of purified chromatin for 0–4 hours (h) with (right) or without (w/o, left) heparin. Chromatin was then analyzed by 1.5% agarose gel electrophoresis. One representative of five independent experiments is depicted. bp, base pair; M, molecular weight marker (100 bp ladder). (B) Chromatin degradation is impaired in serum from DNase1-deficient mice. Sera from wild type (WT) or DNase1−/−/Trap1m/m mice were incubated with chromatin in the presence of heparin for 0–15 h. Chromatin was then analyzed by 1.5% agarose gel electrophoresis. One representative of nine independent experiments is depicted. (C) C1q is not required for optimal chromatin degradation. Sera from wild type (WT), DNase1−/−/Trap1m/m (D1−/–/T1m/m), C1qa−/− or DNase1−/−/Trap1m/m/C1qa−/− (D1−/–/T1m/m/C1qa−/–) mice were incubated with chromatin in the presence of heparin for 0–4 h. Chromatin was then analyzed by 1.5% agarose gel electrophoresis. One representative of three independent experiments is depicted (using three independent chromatin preparations). For comparison, purified chromatin (Chrom) not incubated with serum was loaded.




Chromatin Clearance Is Delayed in vivo in DNase1-Deficient Mice

To support a physiological role of DNase1 in the elimination of circulating chromatin, we analyzed chromatin degradation in vivo. Mice were intravenously injected with purified oligo-nucleosomes and chromatin was consecutively followed in plasma. First, we set up our system with mono-/di-nucleosomes to prove that injected chromatin is detectable in plasma. DNA was isolated from plasma collected by retro-orbital punctation and analyzed by agarose gel electrophoresis. Whereas no circulating DNA was observed in plasma of wild type mice before injection, circulating nucleosomal DNA was detected 30 min post injection and in all tested mice (Figure 2A). With these settings, we analyzed and compared the kinetics of chromatin clearance in wild type and DNase1−/−/Trap1m/m mice. Three wild type and three DNase1-deficient mice were intravenously injected with purified oligo-nucleosomes and nucleosomal DNA was estimated after 2 and 30, 2 and 60, or 2 and 90 min. For each mouse, the 2-min time point is used as a reference. In both wild type and DNase1-deficient mice, chromatin is cleared in a time-dependent manner, with progressive elimination of oligo-nucleosomes and then mono-nucleosomes (Figure 2B). However, chromatin clearance is more effective in wild type mice, as shown by the complete elimination of circulating chromatin after 90 min in contrast to DNase1-deficient mice. DNA isolated from plasma was then quantified and normalized to the 2-min time point for each mouse (Figure 2C). The data confirm both time-dependent clearance of chromatin in vivo and delayed clearance in DNase1-deficient mice. To precisely determine and compare in vivo chromatin clearance in wild type and DNase1−/−/Trap1m/m mice, this experiment was reproduced in 26 mice, focusing on the 60-min time point (with 2-min time point as internal reference for each mouse). As shown in Figure 2D, chromatin clearance occurs in wild type mice but is strongly and significantly reduced in DNase1-deficient mice, showing a 55.1% increase of uncleared chromatin after 60 min, indicating that DNase1 is a key nuclease involved in elimination of circulating chromatin.


[image: Figure 2]
FIGURE 2. In vivo chromatin clearance is delayed in DNase1-deficient mice. (A) Chromatin is recovered in plasma from chromatin-injected mice. Four wild type (WT) mice were injected intravenously with purified mono-/di-nucleosomes. Plasma was prepared from tested mice before (0) and 30 min after injection. DNA was isolated from individual mice and analyzed by agarose gel electrophoresis. For comparison, purified nucleosomes (Nuc) used for injections were loaded. One representative of four independent experiments is depicted. The different lanes shown were extracted from the same gel without modification of brightness. bp, base pair; M, molecular weight marker (100 bp ladder). (B) Kinetics of chromatin clearance in three wild type and three DNase1-deficient [KO (knockout), namely DNase1−/−/Trap1m/m] mice. Mice were injected intravenously with purified oligo-nucleosomes and plasmas were prepared 2 and 30, 2 and 60, or 2 and 90 min post injection. One mouse was used for one time point (thus, each mouse was bled two times post injection). DNA was isolated and analyzed as in (A). For comparison, purified chromatin (chrom) used for injections was loaded. Shown is one representative experiment of three independent experiments, each with six mice (three mice per group). (C) DNA isolated from plasma in (B) was quantified by measuring mean intensities and pixels of each signal on pictures from agarose gels and normalized to the 2-min time point for each mouse; Wild type (n = 3, blue triangles) and DNase1−/−/Trap1m/m (n = 3, pink circles) mice are depicted, with one mouse per time point in each group. (D) Clearance of circulating chromatin was analyzed as in (B,C) at 60 min post chromatin injection in 26 independent mice, both in wild type (n = 13, blue triangles) and DNase1−/−/Trap1m/m (n = 13, pink circles) mice. For each mouse, the 60-min signal was normalized to the 2-min signal. Shown are data pooled from four independent experiments, with three independent chromatin preparations. Mean and SEM are depicted. *p < 0.05 (two-tailed unpaired t-test).




Chromatin Activates Spleen Cells and Chromatin-Mediated Cell Activation Is Exacerbated in DNase1-Deficient Mice

We next investigated the potential consequences of impaired chromatin clearance. The data presented above show that cell-free chromatin is degraded in serum in vitro and in plasma in vivo, leading to mono-nucleosome accumulation before complete degradation, and that this process is delayed in the absence of active DNase1. Moreover, circulating chromatin has been shown to deposit in the spleen of mice in vivo (30). Yet, we have previously shown that extracellular nucleosomes are pro-inflammatory and behave like a DAMP, leading to neutrophil and dendritic cell activation in mice and humans, both in healthy individuals and lupus patients. To mimic an excess of circulating nucleosomes and to examine its potential consequences, we have stimulated spleen cells in vitro with purified nucleosomes, as spleens contain immune cells activated in vivo in patients with SLE. Nucleosomes activate spleen cells in a dose-dependent manner as estimated by IL-12 secretion (Figures 3A,B) and CD69 upregulation (Figures 4A,B). Both wild type and DNase1−/−/Trap1m/m spleen cells respond to nucleosomes but interestingly cell activation was significantly enhanced in spleen cells from DNase1−/−/Trap1m/m mice, both for IL-12 secretion (Figure 3B) and CD69 expression (Figure 4B). Regarding CD69 expression, not only the mean fluorescence intensity increased in a dose-dependent manner in response to nucleosomes, but also the percentage of CD69-positive cells, which was also higher in cells from DNase1−/−/Trap1m/m mice than wild type mice. In contrast, LPS (a TLR4 agonist) strongly activated spleen cells, but the response was not significantly different between both mouse groups (Supplementary Figure 2). The observed differences in spleen cell activation are not due to an altered cell composition of spleens from DNase1−/−/Trap1m/m mice, since we did not observe major or significant differences in the percentages of B and T lymphocytes, dendritic cells, neutrophils or activation levels estimated by CD86 expression between wild type and DNase1-deficient mice (Supplementary Figure 3). The viability of cells in culture is depicted in Supplementary Figure 4. We excluded that cell activation is mediated by endotoxin contamination of nucleosomes, as spleen cells from TLR2/TLR4-deficient mice are activated by nucleosomes [and CpG motif-containing oligonucleotides (ODN), a TLR9 agonist used as a positive control], but not by LPS (Figures 3C, 4C). Although LPS is not optimal for inducing some of the parameters analyzed, spleen cells strongly respond to CpG-ODN and importantly spleen cells isolated from both wild type and DNase1−/−/Trap1m/m mice respond to the same extent (Figures 3D, 4D), excluding an intrinsic higher response to stimulation of cells from DNase1−/−/Trap1m/m mice.
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FIGURE 3. Nucleosome-induced IL-12 secretion is increased in spleen cells of DNase1-deficient mice. Spleen cells from wild type (WT), DNase1-deficient mice (DNase1−/−/Trap1m/m) and TLR2/TLR4-deficient mice were cultured in the presence/absence of different concentrations of purified nucleosomes (Nuc), the nucleosome purification buffer (gradient), LPS (TLR4 agonist) or CpG-ODN (TLR9 agonist). IL-12p40/p70 secretion was estimated by ELISA. (A) Shown is one representative experiment of seven independent experiments using four independent chromatin preparations. Means and SD of triplicates are depicted. (B) Data pooled from the seven independent experiments with seven mice/group are shown. Means and SEM of individual means are depicted. *p ≤ 0.05 (two-tailed Wilcoxon matched-pairs signed rank test). (C) Shown is one representative experiment of two independent experiments. Means and SD of triplicates are depicted. (D) Shown is one representative experiment of three independent experiments. Means and SD of triplicates are depicted.
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FIGURE 4. Nucleosome-induced CD69 expression is increased in spleen cells of DNase1-deficient mice. Spleen cells from wild type (WT), DNase1-deficient mice (DNase1−/−/Trap1m/m) and TLR2/TLR4-deficient mice were cultured in the presence/absence of different concentrations of purified nucleosomes (Nuc), the nucleosome purification buffer (gradient), LPS (TLR4 agonist) or CpG-ODN (TLR9 agonist). CD69 expression was estimated by flow cytometry. (A) Shown is one representative experiment of eight independent experiments using four independent chromatin preparations. Means and SD of triplicates are depicted. (B) Data pooled from the eight independent experiments with eight mice/group are shown. Means and SEM of individual means are depicted. *p ≤ 0.05; **p ≤ 0.01 (two-tailed paired t-test or two-tailed Wilcoxon matched-pairs signed rank test). (C) Shown is one representative experiment of two independent experiments. Means and SD of triplicates are depicted. (D) Shown is one representative experiment of three independent experiments. Means and SD of triplicates are depicted. MFI, mean fluorescence intensity. Cells were gated on total living cells according to size and granularity and exclusion of dead (propidium iodide-positive) cells.




Trap1 Expression Is Down-Regulated by Cytokines

To correlate these data to Trap1 expression, we next analyzed ex vivo Trap1 expression by immunoblots, using Hela cells as a positive control, in spleen cells of the two mouse strains used above and in addition of DNase1lacZ/lacZ mice, which are DNase1-deficient but supposed to normally express Trap1. As expected, Trap1 is expressed in wild type cells but not in cells from DNase1−/−/Trap1m/m mice (Figure 5A). In contrast, Trap1 was clearly detected in cells from DNase1lacZ/lacZ mice. In contrast to Trap1, expression of Hsp60 (an additional mitochondrial chaperone) is not non-specifically influenced by the Trap1 mutation in DNase1−/−/Trap1m/m mice as all mouse strains investigated show a comparable expression. Trap1 expression was next quantified after normalization to β-actin expression in a series of individual mice and compared between mouse strains. A representative experiment showing Trap1 and β-actin expression as well as Trap1/β-actin expression ratios is depicted in Figure 5B, whereas Figure 5C presents pooled data from wild type and DNase1lacZ/lacZ mice. As a positive control, recombinant Trap1 was analyzed by Western blot in comparison to spleen cell protein extract from a wild type mouse (Figure 5B, right panel). No Trap1 expression was detected in DNase1−/−/Trap1m/m cells, but was clearly detected in cells from all wild type and DNase1lacZ/lacZ mice. Particularly, Trap1 expression was similar in wild type and DNase1-deficient DNase1lacZ/lacZ mice. It has been previously suggested Trap1 expression is negatively influenced by DNase1 expression (26). However, DNase1 expression is not detectable in splenocytes (39). More importantly, we could show that both IFN-γ and IL-6, two cytokines involved in lupus pathogenesis, significantly down-regulated Trap1 expression in spleen cells after in vitro culture (Figure 5D), whereas no change was observed with IFN-α or IL-17A (Supplementary Figure 5). These results support the usefulness of DNase1−/−/Trap1m/m mice in studies focusing on lupus pathogenesis.
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FIGURE 5. Modulation of Trap1 expression by cytokines. (A) Trap1 (Hsp75) deficiency in DNase1−/−/Trap1m/m mice. Immunodetection by Western blot of mitochondrial Trap1 (Hsp75, ~74 kDa, left panel) and mitochondrial Hsp60 (~58 kDa, right panel) using splenocyte protein extracts (50 μg) of the mouse strains indicated. For loading control and for positive control, β-actin (~42 kDa) and human HeLa cell extract (50 μg) were investigated in parallel. The first lane corresponds to molecular weight markers. One representative experiment of two is shown. WT, wild type; D1−/–/Trap1m/m, DNase1−/–/Trap1m/m; D1lacZ/lacZ, DNase1lacZ/lacZ; kDa, kiloDalton. (B) Comparative analysis (left) of ex vivo Trap1 and β-actin expression in a series of splenocytes from the three mouse strains as in (A) with 25 μg protein extracts (top) and quantification of Trap1 expression after normalization to β-actin expression (bottom). Numbers indicate individual mice. Three mice were analyzed per genotype. As a positive control (right panel), recombinant Trap1 was loaded in parallel to protein extract from a wild type mouse and Trap1 (top) and β-actin (bottom) were immunodetected (lanes were extracted from the same Western blot but at different chemiluminescence exposure times). M, molecular weight markers. One representative experiment of two is shown. (C) Pooled data of Trap1 expression normalized to β-actin expression in splenocytes from eight independent wild type vs. six DNase1lacZ/lacZ mice (25 μg protein extract were loaded for each mouse). n.s., not significant. Mean and SEM are shown. (D) In vitro down-regulation of Trap1 expression by cytokines. Splenocytes where cultured for 24 h in the presence/absence of IFN-γ (left) or IL-6 (right) and Trap1 expression was determined as in (C). Shown are pooled data from three independent experiments with splenocytes from eight independent mice. **p < 0.01; *p ≤ 0.05 (two-tailed Wilcoxon matched-pairs signed rank test).




Trap1 Deficiency Amplifies Nucleosome-Induced Cell Activation

Our data show that absence of serum/plasma DNase1 leads to an increased concentration of circulating nucleosomes, which in turn may activate immune cells upon deposition in spleens, especially in DNase1-deficient mice. Because an intrinsic DNase1 expression and activity are not detectable in wild type mouse spleen by zymography (39) and because we observed that Trap1 expression is similar in DNase1lacZ/lacZ and wild type mice (Figure 5C), we compared activation of splenocytes from these three mouse strains after in vitro exposure to nucleosomes. A significant nucleosome-induced activation (estimated by CD69 expression) was observed with total spleen cells of all mouse strains (Figure 6A, left and Figure 6C). CD69 was also significantly up-regulated by nucleosomes in comparison to the purification buffer on both CD19+ and CD3+ cells from the three individual mouse strains (Figure 6A, middle and right, and Figure 6B), and among T lymphocytes on both CD4+ and CD8+ cells (Figure 6B). As a control, no difference was observed for CD69 expression with the purification buffer between the three genotypes. However, whereas activation was similar in wild type and DNase1lacZ/lacZ mice, cell activation was significantly enhanced in splenocytes from DNase1−/−/Trap1m/m mice in comparison to both wild type and DNase1lacZ/lacZ splenocytes (Figure 6C). Nevertheless, when the response to nucleosomes was compared between mouse strains, CD69 expression was only significantly enhanced on total splenocytes from DNase1−/−/Trap1m/m mice in comparison to both wild type and DNase1lacZ/lacZ mice (Figure 6C), but did not reach statistical significance on CD19+ and CD3+ cells (Figure 6B). Altogether, the results indicate that Trap1 deficiency is responsible for the exacerbated nucleosome-induced spleen cell activation in DNase1−/−/Trap1m/m mice.
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FIGURE 6. Trap1 deficiency explains enhanced nucleosome-induced cell activation in DNase1−/−/Trap1m/m mice. Spleen cells from wild type (WT), DNase1lacZ/lacZ (D1lacZ/lacZ) and DNase1−/−/Trap1m/m (D1−/–/Trap1m/m) mice were cultured with nucleosomes (Nuc) or its purification buffer (gradient) and CD69 expression was analyzed by flow cytometry on total splenocytes or after gating on CD19+, CD3+, CD3+CD4+, or CD3+CD8+ cells. (A) CD69 histograms for a representative mouse of each genotype. (B,C) Data pooled from all mice analyzed in two independent experiments and using two independent chromatin preparations (B, lymphocyte sub-populations; C, total spleen cells). MFI, mean fluorescence intensity; n.s., not significant. *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed unpaired t-test with Welch's correction or two-tailed Mann Whitney test). Mean and SEM are shown.





DISCUSSION

DNase1 is a major serum nuclease. Here we show that DNase1 activity plays a key role in the degradation of extracellular chromatin in vitro in serum and in the clearance of circulating chromatin in vivo in plasma. DNase1-mediated chromatin degradation does not require C1q, is crucial when DNase1-like 3 activity is impaired and is particularly efficient after activation of the plasminogen system. Inactivation of DNase1 leads to delayed elimination of chromatin in vivo and accumulation of mono-nucleosomes, which have a known pro-inflammatory activity. Indeed, we demonstrate that mono-nucleosomes activate spleen leukocytes in a concentration-dependent manner. Moreover, nucleosome-induced cell activation is enhanced in the absence of Trap1. Finally, we also report that some lupus-associated cytokines down-regulate Trap1 expression.

As previously reported (34), serum of wild type animals does digest chromatin without heparin, as evidenced by the accumulation of mono-nucleosomes after 4–8 h and DNase1-like 3 is probably also involved. In the present study, the level of degradation is lower than in the above mentioned study because we used a much higher chromatin concentration, and we analyzed degradation at 4 h instead of 8 h. Moreover, we used here purified chromatin instead of isolated nuclei, which may influence the degradation rate. In nuclei, chromatin is associated with additional proteins and is organized in higher compacted structures, influencing DNase1 accessibility.

Several aspects are however novel compared to Napirei et al. (34) and our data extend the latter study. Firstly, as mentioned above, we used purified chromatin (which is the natural circulating material) instead of isolated nuclei. Secondly, we analyzed the influence of C1q deficiency, alone or in combination with DNase1 deficiency. Moreover, we investigated the in vivo chromatin degradation in addition to in vitro assays. Likewise, we determined the consequences of impaired chromatin degradation on immune cell activation. Finally, the present manuscript shows and explains how a combined DNase1/Trap1 deficiency might be deleterious in SLE.

Using a different approach, no difference in circulating DNA levels was observed between wild type and DNase1-deficient mice (40). This apparent discrepancy might be partly explained by the young age of mice. Moreover, a kinetic study over several weeks may be more informative. Likewise, the data presented focused on mono-nucleosome-like particles; our approach allows the analysis of chromatin fragments of different sizes, which gives additional information. Finally, the latter study analyzed the natural load of chromatin in the circulation, whereas we investigated an overload of chromatin.

Recently, a different strain of DNase1-deficient mice with an intact Trap1 gene has been shown to develop a lupus-like disease on a pure C57BL/6 genetic background (23). The DNase1/Trap1-KO mice used in the present study do not develop lupus on the pure C57BL/6 genetic background (13), but develop the disease on the mixed 129 × C57BL/6 F2 genetic background (21), indicating that other genetic factors contribute to lupus. Several reasons may explain the differences in lupus development in the two studies. First of all, Kenny et al. analyzed mice at later time points (anti-nuclear antibodies and anti-nucleosome antibodies were measured at 9 months of age vs. 8 months by Napirei et al., whereas glomerulonephritis was evaluated at 12 vs. 8 months). There are also differences in the methods used for anti-nuclear antibody detection. Napirei et al. detected anti-nuclear antibodies by immunofluorescence using fixed culture cells (to evaluate the nuclear staining pattern), whereas Kenny et al. used ELISA which is probably more sensitive.

It may be interesting to analyze whether DNase1 and Trap1 contribute together to aberrant immune activation in vivo and lupus development. This was not the aim of the present study and would require a different approach. For that purpose, Kenny's mice could be backcrossed on a mixed 129 × C57BL/6 genetic background, or Kenny's and Napirei's mice should be intercrossed to generate DNase1-KO and DNase1/Trap1-double KO mice with the same genetic background. In addition, mouse strains should be compared in the same facility and under the same housing conditions, as environmental factors are known to contribute to autoimmunity development.

SLE is a systemic autoimmune disease with skin, joint, renal, cardiovascular and nervous system manifestations. The disease is probably declared when a combination of genetic and environmental factors is encountered. A defect in apoptosis regulation (41) or apoptotic cell clearance (42) has also been suggested to be involved in the disease, resulting in secondary necrosis and the release of cell content into the circulation (43), creating a pro-inflammatory milieu (44). A combination of the latter events may result in the generation and release of nucleosomes in patients. More recent data suggest that part of circulating nucleosomes may derive from neutrophil extracellular traps (NET), especially from the smooth stretches (45). Activated PMN release NET, fibers composed of DNA and associated proteins (46). PMN are indeed activated in SLE (47, 48) and some SLE patients have an impaired capacity to clear NET due to impaired DNase1 function, which correlates with high anti-double-stranded DNA autoantibody titers and renal involvement (49). In addition, chromatin may be liberated by necrotic cells, after tissue damage, and from different cell types, before being processed in the extracellular milieu. Chromatin derived from necrotic cells is recognized by Clec2d, which triggers a pro-inflammatory response (50). The origin of circulating nucleosomes might be determined by analyzing nucleosome positioning (51).

Several lines of evidence support the pathogenic role of circulating nucleosomes in SLE. First, levels of circulating chromatin are correlated to disease activity (3). Beside anti-double-stranded DNA autoantibodies, anti-H1 autoantibodies have been shown to be a highly specific marker for SLE and are associated with increased disease activity (52). Renal involvement represents a severe manifestation in SLE. Glomerulonephritis is due to an inflammatory response caused by immune complex deposition in kidney glomeruli followed by activation of the complement system, resulting in tissue damage in the form of a type III hypersensitivity reaction. Importantly, immune complexes composed of anti-nucleosome autoantibodies are believed to be pathogenic upon deposition in kidneys. This process leads to the production of the C5a complement factor, which is known to act as a chemotactic factor for PMN. Nucleosomes have been detected in glomerular deposits in human lupus nephritis (53). Likewise, nucleosomal antigens have been found in the epidermal basement membrane of nonlesional skin of patients with lupus nephritis (54). These results suggest that deposited nucleosomes mediate the binding of autoantibodies in tissues, leading to inflammation. Of note, immune complex deposition and inflammation also occur in joints and vessel walls of lupus patients, resulting in arthritis and general vasculitis, respectively. Thus, in addition to their DAMP activity, nucleosomes may be pathogenic via in situ immune complex formation.

We analyzed the consequences of increased concentrations of extracellular nucleosomes focusing on splenocytes. Indeed, in addition to kidneys, intravenously injected nucleosomes deposit in the spleen (30). Moreover, the spleen contains immune cells known to be activated in SLE and especially some of them are directly activated by nucleosomes, e.g., dendritic cells (6) and neutrophils (7), even in vivo. In addition, nucleosomes interact with mouse spleen cells to induce cytokine secretion and polyclonal B-cell activation (55, 56). We thus assumed that chromatin deposition is increased in DNase1-deficient mice in vivo and we used in vitro culture to mimic this mechanism. We could show that extracellular mono-nucleosomes significantly activate spleen leukocytes. Both B and T lymphocytes were activated, and among T lymphocytes both CD4+ and CD8+ cells, although we could not characterize in more detail the activated cell population. Likewise, to estimate cell activation, we also analyzed CD86 and class II MHC expression, as well as IL-6 secretion, but no difference between mouse groups was observed. CD69 was used here as an activation marker but its precise biological significance in this context is unclear. We also show for the first time that nucleosome-induced activation is exacerbated in DNase1−/−/Trap1m/m mice, as a result of Trap1 deficiency, since DNase1 is not expressed in the spleen and because no difference between wild type and DNase1-deficient mice without Trap1 impairment was found. Interestingly, in addition to the transient Trap1 down-regulation in end-stage lupus disease (26) and Trap1 gene polymorphisms associated with susceptibility to SLE (27), Trap1 mutations have been linked to autoinflammation and impaired Trap1 function has been linked to increased cellular stress and elevated serum IL-18 concentrations (57). These results suggest a protective role for Trap1. Actually, we have previously reported that nucleosomes induce oxidative burst in PMN (10). Further experiments will be required to determine whether nucleosomes induce oxidative stress in splenocytes and whether this stress mediates cell activation. Likewise, the pathway triggered by nucleosomes and the receptor involved are unknown. However, we have previously shown that activation of immune cells by free nucleosomes occurs independently of MyD88 (6) and independently of TLR9 (9), a typical receptor for DNA. Activation of immune cells through TLR9 mainly occurs when nucleosomes are in immune complexes (58, 59) upon internalization via Fc receptors. This is the reason why nucleosomes, but not CpG-ODN, differently activate spleen cells from wild type and DNase1/Trap1-deficient mice, which both express TLR9. This implies that Trap1 may partly control the signal triggered by nucleosomes but not CpG.

Finally, we demonstrate that lupus cytokines down-regulate Trap1 expression. The fact that IFN-γ and IL-6 significantly down-regulated Trap1 in vitro suggests that those cytokines or other lupus-associated cytokines may similarly influence Trap1 expression in patients, potentially not exclusively in the spleen. Several studies have suggested that these two cytokines are implicated in lupus pathogenesis, both in patients and mouse models. Nephritis appears to be particularly dependent on IFN-γ in mice (60). Likewise, IL-6 blockade ameliorates lupus in mice and prevents anti-DNA autoantibody production (61) whereas IL-6 concentration is elevated in SLE patients (62). In addition, these two cytokines are atherogenic in SLE (63). However, we did not observe Trap1 down-regulation by the lupus cytokine IFN-α. Although IFN-α is an important lupus cytokine, other cytokines are clearly involved in lupus pathogenesis. These results suggest that all lupus cytokines do not impact Trap1 expression, although we do not have a clear explanation. We believe that different combinations of cytokines are probably involved in modulating Trap1 expression and this hypothesis should be tested. In agreement with our results, TNF (which is secreted at higher levels in SLE patients) has been shown to reduce Trap1 protein expression in renal cells (64).

Although our data suggest that impaired DNase1 activity is pathogenic in SLE, other factors (alone or in combination with DNase1) may lead to accumulation of circulating chromatin and anti-chromatin autoimmunity. The role of DNase1 in nucleosome degradation in vitro was previously reported, using recombinant DNase1 instead of serum (65). These factors may be involved in the degradation of chromatin released in the extracellular milieu or, at an earlier step, in the clearance of apoptotic cells. Thus, mice deficient for the serum nuclease DNase1-like 3 develop anti-double-stranded DNA autoantibodies via a mechanism involving extrafollicular B-cell differentiation into short-lived antibody-forming cells (66). DNase1-like 3 deficiency leads to aberrations in the fragmentation of plasma DNA, e.g., an increase in short DNA molecules (67). Cell-free DNA fragmentation actually depends on both intracellular and extracellular nucleases (68). Deficient clearance may result from deficiency in the complement system. Indeed, complement proteins mediate the clearance of apoptotic cells by macrophages (69) and C1q is particularly important for the clearance of apoptotic cells in vitro (70) and in vivo (71). Actually, C1q binds to apoptotic cells (72). Consistently, serum C1q concentrations are decreased in SLE patients (73) and C1q-deficient mice develop a lupus-like disease (31). Finally, extracellular nucleosomes inhibit phagocytosis of apoptotic cells by macrophages of lupus mice (74), potentially leading to an amplification loop.

In conclusion, plasma chromatin degradation requires DNase1 and is more efficient when the plasminogen system is activated. Indeed, in SLE both a lower DNase1 activity and a reduced fibrinolytic activity have been reported. Chromatin degradation by DNase1 is also efficient when DNase1-like 3 activity is low, as observed in SLE patients. A transient low Trap1 expression may increase the pathogenic role of extracellular nucleosomes. This combination represents a new mechanism regulating the clearance and the activity of a DAMP; it may favor the break of peripheral tolerance and the triggering of anti-nucleosome autoimmunity as a result of defective clearance of nucleosome, which might partly explain SLE development in genetically predisposed individuals.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Regierungspräsidium Tübingen, reference IM4/07 and the Darwin Committee of the University Sorbonne Paris Nord.



AUTHOR CONTRIBUTIONS

PD designed the research, performed part of the experiments, coordinated the study, analyzed and interpreted data, and wrote the manuscript. JF and AE performed the experiments and analyzed and interpreted data. MB, RH, and DL performed the experiments. HM analyzed the data. MN performed part of the experiments and analyzed and interpreted data. H-GR analyzed and interpreted data. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by INSERM and the University Sorbonne Paris Nord (formerly University of Paris 13) as well as by grants from the University of Paris 13 (Bonus Qualié Recherche, BQR), from the German Research Foundation [Deutsche Forschungsgemeinschaft (DFG), DE 879/1-1 and DE 879/1-2], from the University of Tübingen [Interdisziplinäres Zentrum für klinische Forschung Tübingen (IZKF-Nachwuchsgruppe), 1604-0-0 and 1604-0-1; fortüne (Forschungsprogramm der Tübinger Medizinischen Fakultät), 1451-0-0] and from the Fritz-Thyssen Foundation (Az. 10.03.2.123 and Az. 10.10.2.128) to PD.



ACKNOWLEDGMENTS

We thank Matthieu Ribon and Julie Mussard (INSERM UMR 1125, University of Paris 13, Bobigny, France) for their help in chromatin purification and Franz Petry (University of Mainz, Germany) for the generous gift of C1qa-KO mice. The technical assistance of Beate Pömmerl, Viktoria Rönnefrath, and Dennis Lindau (Department of Immunology, Institute for Cell Biology, University of Tübingen, Tübingen, Germany) is gratefully acknowledged. We also acknowledge support by Open Access Publishing Fund of University of Tübingen.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.613597/full#supplementary-material



REFERENCES

 1. Rumore PM, Steinman CR. Endogenous circulating DNA in systemic lupus erythematosus. Occurrence as multimeric complexes bound to histone. J Clin Invest. (1990) 86:69–74. doi: 10.1172/JCI114716

 2. Amoura Z, Piette JC, Chabre H, Cacoub P, Papo T, Wechsler, et al. Circulating plasma levels of nucleosomes in patients with systemic lupus erythematosus: correlation with serum antinucleosome antibody titers and absence of clear association with disease activity. Arthritis Rheum. (1997) 40:2217–25. doi: 10.1002/art.1780401217

 3. Williams RC Jr, Malone CC, Meyers C, Decker P, Muller S. Detection of nucleosome particles in serum and plasma from patients with systemic lupus erythematosus using monoclonal antibody 4H7. J Rheumatol. (2001) 28:81–94.

 4. Amoura Z, Koutouzov S, Chabre H, Cacoub P, Amoura I, Musset L, et al. Presence of antinucleosome autoantibodies in a restricted set of connective tissue diseases: antinucleosome antibodies of the IgG3 subclass are markers of renal pathogenicity in systemic lupus erythematosus. Arthritis Rheum. (2000) 43:76–84. doi: 10.1002/1529-0131(200001)43:1<76::AID-ANR10>3.0.CO;2-I

 5. Lu L, Kaliyaperumal A, Boumpas DT, Datta SK. Major peptide autoepitopes for nucleosome-specific T cells of human lupus. J Clin Invest. (1999) 104:345–55. doi: 10.1172/JCI6801

 6. Decker P, Singh-Jasuja H, Haager S, Kötter I, Rammensee HG. Nucleosome, the main autoantigen in systemic lupus erythematosus, induces direct dendritic cell activation via a MyD88-independent pathway: consequences on inflammation. J Immunol. (2005) 174:3326–34. doi: 10.4049/jimmunol.174.6.3326

 7. Rönnefarth VM, Erbacher AI, Lamkemeyer T, Madlung J, Nordheim A, Rammensee, et al. TLR2/TLR4-independent neutrophil activation and recruitment upon endocytosis of nucleosomes reveals a new pathway of innate immunity in systemic lupus erythematosus. J Immunol. (2006) 177:7740–9. doi: 10.4049/jimmunol.177.11.7740

 8. Lindau D, Mussard J, Rabsteyn A, Ribon M, Kotter I, Igney A, et al. TLR9 independent interferon alpha production by neutrophils on NETosis in response to circulating chromatin, a key lupus autoantigen. Ann Rheum Dis. (2014) 73:2199–207. doi: 10.1136/annrheumdis-2012-203041

 9. Lindau D, Rönnefarth V, Erbacher A, Rammensee HG, Decker P. Nucleosome-induced neutrophil activation occurs independently of TLR9 and endosomal acidification: implications for systemic lupus erythematosus. Eur J Immunol. (2011) 41:669–81. doi: 10.1002/eji.201040593

 10. Ribon M, Mussard J, Semerano L, Singer BB, Decker P. Extracellular chromatin triggers release of soluble CEACAM8 upon activation of neutrophils. Front Immunol. (2019) 10:1346. doi: 10.3389/fimmu.2019.01346

 11. Olin AI, Morgelin M, Truedsson L, Sturfelt G, Bengtsson AA. Pathogenic mechanisms in lupus nephritis: nucleosomes bind aberrant laminin beta1 with high affinity and colocalize in the electron-dense deposits. Arthritis Rheumatol. (2014) 66:397–406. doi: 10.1002/art.38250

 12. Oliveri M, Daga A, Cantoni C, Lunardi C, Millo R, Puccetti A. DNase I mediates internucleosomal DNA degradation in human cells undergoing drug-induced apoptosis. Eur J Immunol. (2001) 31:743–51. doi: 10.1002/1521-4141(200103)31:3<743::AID-IMMU743>3.0.CO;2-9

 13. Napirei M, Gultekin A, Kloeckl T, Moroy T, Frostegard J, Mannherz HG. Systemic lupus-erythematosus: deoxyribonuclease 1 in necrotic chromatin disposal. Int J Biochem Cell Biol. (2006) 38:297–306. doi: 10.1016/j.biocel.2005.10.023

 14. Chitrabamrung S, Rubin RL, Tan EM. Serum deoxyribonuclease I and clinical activity in systemic lupus erythematosus. Rheumatol Int. (1981) 1:55–60. doi: 10.1007/BF00541153

 15. Sallai K, Nagy E, Derfalvy B, Muzes G, Gergely P. Antinucleosome antibodies and decreased deoxyribonuclease activity in sera of patients with systemic lupus erythematosus. Clin Diagn Lab Immunol. (2005) 12:56–9. doi: 10.1128/CDLI.12.1.56-59.2005

 16. Yasutomo K, Horiuchi T, Kagami S, Tsukamoto H, Hashimura C, Urushihara M, et al. Mutation of DNASE1 in people with systemic lupus erythematosus. Nat Genet. (2001) 28:313–4. doi: 10.1038/91070

 17. Shin HD, Park BL, Kim LH, Lee HS, Kim TY, Bae SC. Common DNase I polymorphism associated with autoantibody production among systemic lupus erythematosus patients. Hum Mol Genet. (2004) 13:2343–50. doi: 10.1093/hmg/ddh275

 18. Macanovic M, Lachmann PJ. Measurement of deoxyribonuclease I (DNase) in the serum and urine of systemic lupus erythematosus (SLE)-prone NZB/NZW mice by a new radial enzyme diffusion assay. Clin Exp Immunol. (1997) 108:220–6. doi: 10.1046/j.1365-2249.1997.3571249.x

 19. Frost PG, Lachmann PJ. The relationship of desoxyribonuclease inhibitor levels in human sera to the occurrence of antinuclear antibodies. Clin Exp Immunol. (1968) 3:447–55.

 20. Yeh TM, Chang HC, Liang CC, Wu JJ, Liu MF. Deoxyribonuclease-inhibitory antibodies in systemic lupus erythematosus. J Biomed Sci. (2003) 10:544–51. doi: 10.1007/BF02256116

 21. Napirei M, Karsunky H, Zevnik B, Stephan H, Mannherz HG, Moroy T. Features of systemic lupus erythematosus in Dnase1-deficient mice. Nat Genet. (2000) 25:177–81. doi: 10.1038/76032

 22. Rossaint J, Herter JM, Van Aken H, Napirei M, Doring Y, Weber C, et al. Synchronized integrin engagement and chemokine activation is crucial in neutrophil extracellular trap-mediated sterile inflammation. Blood. (2014) 123:2573–84. doi: 10.1182/blood-2013-07-516484

 23. Kenny EF, Raupach B, Abu AU, Brinkmann V, Zychlinsky A. Dnase1-deficient mice spontaneously develop a systemic lupus erythematosus-like disease. Eur J Immunol. (2019) 49:590–9. doi: 10.1002/eji.201847875

 24. Altieri DC, Stein GS, Lian JB, Languino LR. TRAP-1, the mitochondrial Hsp90. Biochim Biophys Acta. (2012) 1823:767–73. doi: 10.1016/j.bbamcr.2011.08.007

 25. Lisanti S, Tavecchio M, Chae YC, Liu Q, Brice AK, Thakur, et al. Deletion of the mitochondrial chaperone TRAP-1 uncovers global reprogramming of metabolic networks. Cell Rep. (2014) 8:671–7. doi: 10.1016/j.celrep.2014.06.061

 26. Fismen S, Thiyagarajan D, Seredkina N, Nielsen H, Jacobsen S, Elung-Jensen T, et al. Impact of the tumor necrosis factor receptor-associated protein 1 (Trap1) on renal DNaseI shutdown and on progression of murine and human lupus nephritis. Am J Pathol. (2013) 182:688–700. doi: 10.1016/j.ajpath.2012.11.013

 27. Li S, Sun X, Xu J, Gu Y, Liu S, Xu S, et al. Association study of TRAP1 gene polymorphisms with susceptibility and glucocorticoids efficacy of systemic lupus erythematosus. Gene. (2018) 671:117–26. doi: 10.1016/j.gene.2018.05.109

 28. Al Mayouf SM, Sunker A, Abdwani R, Abrawi SA, Almurshedi F, Alhashmi N, et al. Loss-of-function variant in DNASE1L3 causes a familial form of systemic lupus erythematosus. Nat Genet. (2011) 43:1186–8. doi: 10.1038/ng.975

 29. Sisirak V, Sally B, D'Agati V, Martinez-Ortiz W, Ozcakar ZB, David J, et al. Digestion of chromatin in apoptotic cell microparticles prevents autoimmunity. Cell. (2016) 166:88–101. doi: 10.1016/j.cell.2016.05.034

 30. Du Clos TW, Volzer MA, Hahn FF, Xiao R, Mold C, Searles RP. Chromatin clearance in C57Bl/10 mice: interaction with heparan sulphate proteoglycans and receptors on Kupffer cells. Clin Exp Immunol. (1999) 117:403–11. doi: 10.1046/j.1365-2249.1999.00976.x

 31. Botto M, Dell'Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry F, et al. Homozygous C1q deficiency causes glomerulonephritis associated with multiple apoptotic bodies. Nat Genet. (1998) 19:56–9. doi: 10.1038/ng0598-56

 32. Takeuchi O, Hoshino K, Kawai T, Sanjo H, Takada H, Ogawa T, et al. Differential roles of TLR2 and TLR4 in recognition of gram-negative and gram-positive bacterial cell wall components. Immunity. (1999) 11:443–51. doi: 10.1016/S1074-7613(00)80119-3

 33. Stemmer C, Briand JP, Muller S. Mapping of linear histone regions exposed at the surface of the nucleosome in solution. J Mol Biol. (1997) 273:52–60. doi: 10.1006/jmbi.1997.1270

 34. Napirei M, Ludwig S, Mezrhab J, Klockl T, Mannherz HG. Murine serum nucleases–contrasting effects of plasmin and heparin on the activities of DNase1 and DNase1-like 3 (DNase1l3). FEBS J. (2009) 276:1059–73. doi: 10.1111/j.1742-4658.2008.06849.x

 35. Napirei M, Wulf S, Mannherz HG. Chromatin breakdown during necrosis by serum Dnase1 and the plasminogen system. Arthritis Rheum. (2004) 50:1873–83. doi: 10.1002/art.20267

 36. Edelberg JM, Conrad HE, Pizzo SV. Heparin oligosaccharides enhance tissue-type plasminogen activator: a correlation between oligosaccharide length and stimulation of plasminogen activation. Biochemistry. (1991) 30:10999–1003. doi: 10.1021/bi00109a027

 37. Dhillon PK, Adams MJ. Thrombosis in systemic lupus erythematosus: role of impaired fibrinolysis. Semin Thromb Hemost. (2013) 39:434–40. doi: 10.1055/s-0033-1334484

 38. Gaipl US, Beyer TD, Heyder P, Kuenkele S, Bottcher A, Voll, et al. Cooperation between C1q and DNase I in the clearance of necrotic cell-derived chromatin. Arthritis Rheum. (2004) 50:640–9. doi: 10.1002/art.20034

 39. Napirei M, Ricken A, Eulitz D, Knoop H, Mannherz HG. Expression pattern of the deoxyribonuclease 1 gene: lessons from the Dnase1 knockout mouse. Biochem J. (2004) 380:929–37. doi: 10.1042/bj20040046

 40. Cheng THT, Lui KO, Peng XL, Cheng SH, Jiang P, Chan, et al. DNase1 does not appear to play a major role in the fragmentation of plasma DNA in a knockout mouse model. Clin Chem. (2018) 64:406–8. doi: 10.1373/clinchem.2017.280446

 41. Emlen W, Niebur J, Kadera R. Accelerated in vitro apoptosis of lymphocytes from patients with systemic lupus erythematosus. J Immunol. (1994) 152:3685–92.

 42. Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, Kalden JR. Impaired phagocytosis of apoptotic cell material by monocyte-derived macrophages from patients with systemic lupus erythematosus. Arthritis Rheum. (1998) 41:1241–50. doi: 10.1002/1529-0131(199807)41:7<1241::AID-ART15>3.0.CO;2-H

 43. Savill J, Fadok V. Corpse clearance defines the meaning of cell death. Nature. (2000) 407:784–8. doi: 10.1038/35037722

 44. Sauter B, Albert ML, Francisco L, Larsson M, Somersan S, Bhardwaj N. Consequences of cell death: exposure to necrotic tumor cells, but not primary tissue cells or apoptotic cells, induces the maturation of immunostimulatory dendritic cells. J Exp Med. (2000) 191:423–34. doi: 10.1084/jem.191.3.423

 45. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W, et al. Neutrophil extracellular traps contain calprotectin, a cytosolic protein complex involved in host defense against Candida albicans. PLoS Pathog. (2009) 5:e1000639. doi: 10.1371/journal.ppat.1000639

 46. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss, et al. Neutrophil extracellular traps kill bacteria. Science. (2004) 303:1532–5. doi: 10.1126/science.1092385

 47. Molad Y, Buyon J, Anderson DC, Abramson SB, Cronstein BN. Intravascular neutrophil activation in systemic lupus erythematosus (SLE): dissociation between increased expression of CD11b/CD18 and diminished expression of L-selectin on neutrophils from patients with active SLE. Clin Immunol Immunopathol. (1994) 71:281–6. doi: 10.1006/clin.1994.1087

 48. de la Fuente H, Richaud-Patin Y, Jakez-Ocampo J, Gonzalez-Amaro R, Llorente L. Innate immune mechanisms in the pathogenesis of systemic lupus erythematosus (SLE). Immunol Lett. (2001) 77:175–80. doi: 10.1016/S0165-2478(01)00220-6

 49. Hakkim A, Furnrohr BG, Amann K, Laube B, Abed UA, Brinkmann V, et al. Impairment of neutrophil extracellular trap degradation is associated with lupus nephritis. Proc Natl Acad Sci USA. (2010) 107:9813–8. doi: 10.1073/pnas.0909927107

 50. Lai JJ, Cruz FM, Rock KL. Immune sensing of cell death through recognition of histone sequences by C-type lectin-receptor-2d causes inflammation and tissue injury. Immunity. (2020) 52:123–35. doi: 10.1016/j.immuni.2019.11.013

 51. Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure J. Cell-free DNA comprises an in vivo nucleosome footprint that informs its tissues-of-origin. Cell. (2016) 164:57–68. doi: 10.1016/j.cell.2015.11.050

 52. Schett G, Smolen J, Zimmermann C, Hiesberger H, Hoefler E, Fournel S, et al. The autoimmune response to chromatin antigens in systemic lupus erythematosus: autoantibodies against histone H1 are a highly specific marker for SLE associated with increased disease activity. Lupus. (2002) 11:704–15. doi: 10.1191/0961203302lu247oa

 53. van Bruggen MC, Kramers C, Walgreen B, Elema JD, Kallenberg CG, van den Born J, et al. Nucleosomes and histones are present in glomerular deposits in human lupus nephritis. Nephrol Dial Transplant. (1997) 12:57–66. doi: 10.1093/ndt/12.1.57

 54. Grootscholten C, van Bruggen MC, van der Pijl JW, de Jong EM, Ligtenberg G, Derksen, et al. Deposition of nucleosomal antigens (histones and DNA) in the epidermal basement membrane in human lupus nephritis. Arthritis Rheum. (2003) 48:1355–62. doi: 10.1002/art.10974

 55. Hefeneider SH, Cornell KA, Brown LE, Bakke AC, McCoy SL, Bennett RM. Nucleosomes and DNA bind to specific cell-surface molecules on murine cells and induce cytokine production. Clin Immunol Immunopathol. (1992) 63:245–51. doi: 10.1016/0090-1229(92)90229-H

 56. Bell DA, Morrison B, VandenBygaart P. Immunogenic DNA-related factors. Nucleosomes spontaneously released from normal murine lymphoid cells stimulate proliferation and immunoglobulin synthesis of normal mouse lymphocytes. J Clin Invest. (1990) 85:1487–96. doi: 10.1172/JCI114595

 57. Standing AS, Hong Y, Paisan-Ruiz C, Omoyinmi E, Medlar A, Stanescu H, et al. TRAP1 chaperone protein mutations and autoinflammation. Life Sci Alliance. (2020) 3:e201900376. doi: 10.26508/lsa.201900376

 58. Boule MW, Broughton C, Mackay F, Akira S, Marshak-Rothstein A, Rifkin IR. Toll-like receptor 9-dependent and -independent dendritic cell activation by chromatin-immunoglobulin G complexes. J Exp Med. (2004) 199:1631–40. doi: 10.1084/jem.20031942

 59. Means TK, Latz E, Hayashi F, Murali MR, Golenbock DT, Luster AD. Human lupus autoantibody-DNA complexes activate DCs through cooperation of CD32 and TLR9. J Clin Invest. (2005) 115:407–17. doi: 10.1172/JCI23025

 60. Peng SL, Moslehi J, Craft J. Roles of interferon-gamma and interleukin-4 in murine lupus. J Clin Invest. (1997) 99:1936–46. doi: 10.1172/JCI119361

 61. Finck BK, Chan B, Wofsy D. Interleukin 6 promotes murine lupus in NZB/NZW F1 mice. J Clin Invest. (1994) 94:585–91. doi: 10.1172/JCI117373

 62. Linker-Israeli M, Deans RJ, Wallace DJ, Prehn J, Ozeri-Chen T, Klinenberg JR. Elevated levels of endogenous IL-6 in systemic lupus erythematosus. A putative role in pathogenesis. J Immunol. (1991) 147:117–23.

 63. Hansson GK. Immune mechanisms in atherosclerosis. Arterioscler Thromb Vasc Biol. (2001) 21:1876–90. doi: 10.1161/hq1201.100220

 64. Thiyagarajan D, Rekvig OP, Seredkina N. TNFalpha amplifies DNaseI expression in renal tubular cells while IL-1beta promotes nuclear DNaseI translocation in an endonuclease-inactive form. PLoS ONE. (2015) 10:e0129485. doi: 10.1371/journal.pone.0129485

 65. Hedberg A, Fismen S, Fenton KA, Fenton C, Osterud B, Mortensen, et al. Heparin exerts a dual effect on murine lupus nephritis by enhancing enzymatic chromatin degradation and preventing chromatin binding in glomerular membranes. Arthritis Rheum. (2011) 63:1065–75. doi: 10.1002/art.30211

 66. Soni C, Perez OA, Voss WN, Pucella JN, Serpas L, Mehl J, et al. Plasmacytoid dendritic cells and type I interferon promote extrafollicular B cell responses to extracellular self-DNA. Immunity. (2020) 52:1022–38. doi: 10.1016/j.immuni.2020.04.015

 67. Serpas L, Chan RWY, Jiang P, Ni M, Sun K, Rashidfarrokhi A, et al. Dnase1l3 deletion causes aberrations in length and end-motif frequencies in plasma DNA. Proc Natl Acad Sci USA. (2019) 116:641–9. doi: 10.1073/pnas.1815031116

 68. Han DSC, Ni M, Chan RWY, Chan VWH, Lui KO, Chiu, et al. The biology of cell-free DNA fragmentation and the roles of DNASE1, DNASE1L3, and DFFB. Am J Hum Genet. (2020) 106:202–14. doi: 10.1016/j.ajhg.2020.01.008

 69. Mevorach D, Mascarenhas JO, Gershov D, Elkon KB. Complement-dependent clearance of apoptotic cells by human macrophages. J Exp Med. (1998) 188:2313–20. doi: 10.1084/jem.188.12.2313

 70. Nauta AJ, Castellano G, Xu W, Woltman AM, Borrias MC, Daha, et al. Opsonization with C1q and mannose-binding lectin targets apoptotic cells to dendritic cells. J Immunol. (2004) 173:3044–50. doi: 10.4049/jimmunol.173.5.3044

 71. Taylor PR, Carugati A, Fadok VA, Cook HT, Andrews M, Carroll, et al. A hierarchical role for classical pathway complement proteins in the clearance of apoptotic cells in vivo. J Exp Med. (2000) 192:359–66. doi: 10.1084/jem.192.3.359

 72. Korb LC, Ahearn JM. C1q binds directly and specifically to surface blebs of apoptotic human keratinocytes: complement deficiency and systemic lupus erythematosus revisited. J Immunol. (1997) 158:4525–8.

 73. Bijl M, Reefman E, Horst G, Limburg PC, Kallenberg CG. Reduced uptake of apoptotic cells by macrophages in Systemic Lupus Erythematosus (SLE): correlates with decreased serum levels of complement. Ann Rheum Dis. (2006) 65:57–63. doi: 10.1136/ard.2005.035733

 74. Laderach D, Bach JF, Koutouzov S. Nucleosomes inhibit phagocytosis of apoptotic thymocytes by peritoneal macrophages from MRL+/+ lupus-prone mice. J Leukoc Biol. (1998) 64:774–80. doi: 10.1002/jlb.64.6.774

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Felux, Erbacher, Breckler, Hervé, Lemeiter, Mannherz, Napirei, Rammensee and Decker. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fimmu-12-613597-g005.gif





OPS/images/fimmu-12-613597-g006.gif
{R[R[eE
e e

':{K( :{/ 4;?{ :{;j :{{; "{r/






OPS/images/fimmu-12-613597-g003.gif
Tt

& &
T

iz oom






OPS/images/fimmu-12-613597-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Deoxyribonuclease 1-Mediated Clearance of Circulating Chromatin Prevents From Immune Cell Activation and Pro-inflammatory Cytokine Production, a Phenomenon Amplified by Low Trap1 Activity: Consequences for Systemic Lupus Erythematosus



		Introduction



		Methods



		Mice



		Chromatin Purification



		In vitro Chromatin Degradation Assays



		In vivo Chromatin Clearance



		Cell Culture



		Flow Cytometry



		ELISA



		Protein Extracts and Western Blot



		Statistical Analysis







		Results



		In vitro Chromatin Degradation Is Dramatically Impaired in Serum From DNase1-Deficient Mice



		Chromatin Clearance Is Delayed in vivo in DNase1-Deficient Mice



		Chromatin Activates Spleen Cells and Chromatin-Mediated Cell Activation Is Exacerbated in DNase1-Deficient Mice



		Trap1 Expression Is Down-Regulated by Cytokines



		Trap1 Deficiency Amplifies Nucleosome-Induced Cell Activation







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Deoxyribonuclease 1-Mediated
Clearance of Circulating Chromatin
Prevents From Immune Cell
Activation and Pro-inflammatory
Cytokine Production, a
Phenomenon Amplified by Low
Trapl Activity: Consequences
for Systemic Lupus Erythematosus





OPS/images/fimmu-12-613597-g001.gif
_with Heparin






OPS/images/fimmu-12-613597-g002.gif
-

I

g2 M
g3 Voo
g3 Pk
g2 mm
: .
HEE fan =









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





